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Abstract
Non-coding regulatory elements can transduce the human genome's response to environmental
stimuli. Thus, there is a possibility that variation in non-coding regulatory elements may underlie
some of the diversity in human behavior. However, this idea has remained largely untested due to
the difficulty in accurately identifying regulatory elements in the 98% of the human genome that
does not encode protein. The recent recognition that small trans-acting RNAs anneal to mRNA
and regulate gene expression provides a means to identify and test such variants. Here we show
that microRNA-directed silencing of mRNA can be attenuated by a common human
polymorphism. We have identified an element (A-element) within serotonin receptor 1B (HTR1B)
mRNA that confers repression by miR-96. The repressive activity of this element is attenuated by
a common human variant (G-element) that disrupts a nucleotide critical for its interaction with
miR-96. Because deletion of the HTR1B gene leads to an aggressive phenotype in mice, we
hypothesized an association between the A/G polymorphism and aggressive phenotypes in a
sample of 359 college students. As predicted, individuals homozygous for the ancestral A-element
reported more conduct-disorder behaviors than individuals with the G-element. Our studies
suggest that such functional variants may be common and may help to refine the search for genes
involved in complex behavioral disorders.
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Introduction
Although there is evidence that human behavior is heritable, the molecular basis of the
pronounced individual variability remains enigmatic. The comparison of human and
chimpanzee genomes has suggested that the uniqueness of human behavior may not reside
in the highly invariant protein coding sequences but in the much more variable and rapidly
changing non-coding elements that regulate the timing and tissue specificity of gene
expression (1, 2). Indeed, the polymorphic microsatellite in the promoter region of the gene
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encoding a vasopressin receptor has been shown to modulate gene expression and thereby
predict socio-behavioral traits in voles (3). Thus, it is possible that variation in human non-
coding elements may underlie some of the diversity in human behavior.
It is now recognized that human mRNAs are silenced by small trans-acting, non-coding
RNAs called microRNAs (4-9). It is thought that microRNAs may regulate as many as 30%
of all cellular mRNAs, and they have been found to play a critical role in virtually all
cellular functions (10). The mRNA that is targeted by a given microRNA is determined by
the nature and extent of the complementarity between the microRNA and the mRNA (11,
12). Thus, if polymorphisms occur in the microRNA target element, they may exert a
singular effect upon gene expression with a concomitant change in phenotype. Indeed, a
striking example of this has recently been provided by a sheep pedigree in which the
acquisition of a single nucleotide variant was sufficient to enhance the microRNA-directed
silencing of myostatin leading to exaggerated muscle mass (13). Recent studies on human
microRNA target sequences suggest that a similar mechanism may underlie individual
differences in human phenotypes (14-16). Therefore, we investigated whether commonly
occurring human polymorphisms modulate microRNA-directed regulation of behavioral
gene expression, and whether they associate with defined human phenotypes related to
aggression.
In this study, we examined polymorphic elements in a number of behavioral genes and
selected for further study only those elements that potentially modified microRNA
annealing. From this work, we identified the A/G polymorphism within the gene encoding
the serotonin receptor 1B (HTR1B) as the strongest modulator of gene expression, and we
have confirmed that this polymorphism modifies the direct interaction with a microRNA,
miR-96. We then tested the behavioral correlates of this SNP via secondary analysis of an
existing behavioral data set of 359 college students. Given that HTR1B knock-out mice have
an aggressive phenotype (17), we hypothesized that the A to G polymorphism would be
related to a history of aggression-related behaviors measured in a conduct disorder history
checklist. Consistent with our molecular research, we have found that individuals
homozygous for the A-element report more aggression related conduct-disorder behaviors
compared to individuals with one or two copies of the G-element.
Methods
Cell culture
HeLa cells were grown in Dulbecco's Modified Eagle Medium (D-MEM) (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum and 100U/ml penicillin and
100ug/ml streptomycin. Cells were plated in either 12- or 24-well dishes.
Luciferase assay of microRNA response elements
The putative reference and variant elements were subcloned into the SacI and NheI sites in
the 3′UTR of pIS-0 the modified pGL3 Control (Promega, Madison, WI) reporter plasmid
devised by Lewis et al. (2003) (11). Reporter plasmids were transfected into HeLa cells
(80% confluence) using Lipofectamine 2000 (Invitrogen), according to the manufacturer's
instructions. The transfection was performed in OPTI-MEM (Invitrogen) which was
removed after 4 hours and replaced with D-MEM containing 10% FBS. After 24 hours,
reporter activity was determined by assaying the cell lysates for firefly luciferase activity
according to the manufacture's protocol (Promega). Luciferase activity was determined by
quantitative titration and was normalized using co-transfected β-galactosidase or renilla
luciferase activities to control for variance in well-to-well transfection efficiency. Changes
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in luciferase activity were compared using the Dunnett T-test statistic using the SPSS v15
software package.
Exogenous expression of microRNA
Synthetic RNA duplexes were transfected into HeLa cells using Lipofectamine 2000 as
described above. Commercially available miR-96 (Ambion, Austin, TX) was used for the
experiment in Figure 3c. In the experiment in Figure 3d, RNA duplexes were generated by
annealing miR-96 (5′P UUUGGCACUAGCACAUUUUUGC 3′) and miR-96[C] (5′ P
UUCGGCACUAGCACAUUUUUGC 3′) guide strands to a common passenger strand (5′P
AAAAAUGUGCUCGUGCCUAUAU 3′).
Human sample
Secondary analyses were conducted on a sample of 359 (167 men; 192 women) non-
Hispanic Caucasian subjects from a mid-sized state university. This sample reflects a subset
of the 574 participants in a recently completed multi-year study who provided DNA samples
(n = 416), were Caucasian (to reduce risk of population stratification; n = 361), and
completed the first-year assessment battery, which included a conduct-disorder behavior
checklist (n = 359). This sample included individuals analyzed elsewhere (18) for unrelated
hypotheses. The average age of sample participants was 18.6 ± 0.9 yrs with 61% percent
freshmen, 32% sophomores, and 7% upper classmen at study entry. All participants gave
written informed consent, which was conducted under guidelines approved by the
Institutional Review Board at the University of Connecticut. In their first year, participants
completed the assessment battery approximately one month following the start of either the
fall or spring semester by logging onto a secure website. The assessment included
demographic and several personality and health questionnaires, including one questionnaire
expressly relevant to aggressive behaviors—a 9-item inventory of conduct-disorder related
behaviors. Participants answered Yes/No to the following questions that covered a range of
aggressive or manipulative behaviors: (1) Have you been expelled or suspended from school
3 or more times? (2) Do you frequently tell a lot of lies? (3) Have you stolen money or other
things from family members or friends 3 or more times? (4) Have you started fights with
persons other than brothers and sisters 3 or more times? (5) Have you ever damaged
someone's property on purpose? (6) Have you ever broken into someone's car or house or
any place else (not because you have been locked out)? (7) Have you ever deliberately
started fires you were not supposed to? (8) Have you ever taken property or money from
someone by threatening them or using force? (9) Were you ever mean or cruel to animals,
including hurting them on purpose? These items were derived from the 15 item list of
conduct disorder behaviors specified in the Diagnostic and Statistical Manual of Mental
Disorders, 4th ed. (American Psychiatric Association, 1994). The nine items used in the
baseline questionnaire were those that we anticipated would be relatively more prevalent in
a college student population.
Genotype analysis of human samples
DNA was extracted from Scope™ (Procter and Gamble, Cincinnati, OH) mouthwash-
stabilized samples using a commercial DNA isolation protocol (PureGene, Gentra Systems,
Minneapolis, MN). The HTR1B 3′UTR polymorphism (rs13212041) was genotyped using a
PCR-based TaqMan allelic discrimination assay. A 10μl PCR reaction was performed in 1×
ABI TaqMan Universal master mix (ABI-Applied Biosystems Inc., Foster City, CA)
containing 100nM of each TaqMan MGB probe, FAM labeled HTR1B[C] 5′
TGCAGACTTCGGC, and VIC labeled HTR1B[T] 5′ TGCAGACTTTGGC, and 600nM of
each primer, Forward Primer- 5′ AAAGTGACAGGTACATGAAATTAAGAGAA, reverse
primer-5′ CACAACTCTAACAAACAAACCATTATGTG, Polymerase chain reaction was
performed with the following cycling parameters, 95°C for 10 minutes, followed by 40
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cycles of 95°C for 15 seconds, followed by 60°C for 60 seconds. End point FAM and VIC
fluorescence levels were captured using an ABI 7500 Sequence Detection System and
genotype calls were made based on the level of fluorescence signal. The genotyping assay
was repeated for 14% percent of samples and there was no discrepancy in genotype calls
Results
Candidate behavioral genes have polymorphisms in putative microRNA target sites
First, we arbitrarily selected a list of 22 mRNAs that were previously implicated in the
regulation of human behavior. Using the Miranda, TargetScan, PicTar and RNAHybrid
prediction algorithms (11, 19-21), we established that the vast majority of these mRNAs
(20/22) contained at least one putative microRNA target site (Figure 1a). Importantly, we
found that half (11/20) of these mRNAs harbored polymorphisms within elements predicted
to be targeted by microRNAs. Interestingly, these polymorphisms occurred more frequently
at nucleotides complementary to the critical seed sequences of the putative microRNA,
suggesting that they might be of functional significance (Figure 1b).
Polymorphic elements from the 3′UTR of candidate behavioral genes regulate the
expression of a luciferase reporter
To test whether any of these polymorphisms modulated the regulation directed by
microRNAs, we utilized the luciferase reporter assay devised by Lewis et al (2003) (11). In
this assay, the putative element is inserted into the 3′UTR of luciferase mRNA and its
repressive activity is measured by the inhibition of luciferase activity compared to a parental
luciferase reporter plasmid that lacks an inserted test element. In our experiments, we used
HeLa cells, since the concentration of a given microRNA can be readily increased by
transfection of the appropriate precursor duplex.
We selected putative elements from three candidate genes for further study: the cannabinoid
receptor 1 (CNR1), serotonin receptor 1B (HTR1B), and serotonin transporter (SLC6A4)
mRNAs. This selection was based on the minor allele frequencies at each of these loci, the
likely effect upon microRNA regulation as surmised by the position of the variant nucleotide
and our ability to test for possible associations with human behavioral phenotypes. With the
exception of the HTR1B G-element, all the microRNA response elements in the three genes
were found to repress luciferase expression (p<0.001 compared with the parental construct),
indicating that they could mediate repression by microRNAs (Figure 2). The serotonin
transporter (SLC6A4) element had the least effect on repressing luciferase activity, and the U
to G change had no discernable effect on its ability to repress gene expression (38% vs. 37%
repression, p=0.88). Thus, we concluded that either this element represses expression by a
microRNA–independent mechanism or that HeLa cells might lack additional cofactors
required for the relief of repression. In contrast, the G to U change in the cannabinoid
receptor (CNR1) element did diminish its repressive activity by a moderate extent (76% vs.
65% repression, p=0.056), and the A to G change in the serotonin receptor 1B (HTR1B)
element markedly attenuated its repressive effect (64% vs. 0%, p=0.001). Thus, we conclude
that some common variants in microRNA target sites can modulate the repression of gene
expression and most likely do so by altering the interaction between mRNA and a
microRNA.
The common A to G polymorphism in the serotonin receptor 1B mRNA moderates the
regulation of miR-96
In the rest of our studies here, we focused on the element within the HTR1B mRNA. The
structure of the HTR1B element and its putative complementarity to miR-96 are shown in
Figure 3. The human element with the A residue is likely the ancestral version since it is
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conserved from cow to chimpanzee (Figure 3a). The polymorphism (A/G) in the mRNA
corresponds to the nucleotide that would anneal to the third nucleotide of miR-96 and
changes an A:U pairing to a weaker G:U pair (Figure 3b). Henceforth, we will describe the
ancestral element as the A-element and the unresponsive element as the G-element. To
further confirm the role of miR-96, we increased its concentration in HeLa cells with the
expectation that this would increase the suppressive effect of the ancestral A-element, with
comparatively little effect on the G-element. Indeed, upon transfection of miR-96, the
suppression exerted by the A-element increased significantly (p=0.006 and 0.004 for 1 and 2
nM respectively compared with no added miR-96), while there was little effect on the G-
element (p= 0.46 and 0.34 for 1 and 2 nM miR-96) (Figure 3c). Thus, we concluded that
miR-96 silences mRNAs containing the A-element. Although unlikely, it remained possible
that miR-96 exerted its effect indirectly by modulating another mRNA whose protein
product somehow differentially influenced the repressive effect of the A-element. It is also
important to validate that the G-element luciferase construct can be repressed. Accordingly,
we designed a rescue microRNA, miR-96 [C], in which the third nucleotide was changed
from uracil to cytosine. The introduction of 2nM miR-96[C] had no effect on the repressor
activity of the A-element (p=0.34), but it markedly increased the suppressive activity of the
G-element (p= 0.014) (Figure 3d). Thus, we concluded that this element in HTR1B mRNA
mediates suppression by miR-96 and that this suppression may be attenuated by a common
human variant.
The common polymorphism in the serotonin receptor 1B mRNA is associated with
aggressive behavior
Although the precise contribution of the HTR1B protein to serotonergic circuits is not yet
well understood, mice lacking this receptor are more aggressive than their littermates (17).
Therefore, we postulated that human A-element homozygotes, harboring an increased
potential for the suppression of HTR1B expression, might exhibit increased aggression-
related behavior. To test this hypothesis, we examined the association between genotype and
an available measure of behavior related to aggression, i.e., conduct-disorder behaviors. As
predicted by the HapMap dataset (22), the majority of this Caucasian population were A-
element homozygotes (Table 1; AA = 231; AG = 113; GG = 15; HWE X2 = .06, p = .80). In
contrast, the prevalence of G-element homozygotes was low (4%). Other populations show a
far lower prevalence of the ancestral A-element. For example, only 20% of YRI (Yoruba in
Ibadan, Nigeria) are homozygous with respect to the ancestral A-element and, even more
remarkably, 33% are homozygous with respect to the G-element. The expected low
prevalence of G-element homozygotes precluded their independent analysis and thus we
compared A-element homozygotes to G-element carriers (Table 2). As predicted, A-element
homozygotes reported a history of more conduct-disorder related behaviors (mean = 1.17)
than did the G-element carriers (mean = 0.81). The difference between the A-element
homozygotes and the G-element carriers was statistically significant but reflected a small
effect size (d = 0.28) (23), with the genotype accounting for 2.3% of the variance in conduct
disorder outcomes. Patterns were observed for both men and women, as shown in Figure 4.
Importantly, we observed a marked specificity in the reported conduct-disorder behaviors.
For example, there was no discernable association between the homozygous A-element
genotype and self-reported propensity to lie or to break and enter. On the other hand, the A-
element homozygotes were much more likely to report having started fires and damaged
property. Similar trends were also noted for their reports of having stolen and started fights.
Thus, these data provide preliminary evidence linking the A-element allele to increased
aggression among young adults.
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Discussion
Our studies are a direct demonstration that common human polymorphisms can attenuate
microRNA-mediated repression of gene expression by conserved elements in mRNA.
Importantly, our results corroborate recent studies suggesting that microRNA target variants
may be determinants of a range of human phenotypes including cardiovascular disease risk
(24, 25) and response to chemotherapy (26). Specifically in terms of behavioral phenotypes,
our study supports an earlier finding that a rare variant enhances microRNA-directed
suppression of SLITKR mRNA and may underlie certain brain developmental defects
associated with Tourette's Syndrome (27).
Although the current studies indicate that such microRNA-directed repression of HTR1B
may be an important facet in the development of aggressive behaviors, additional research is
warranted given the limited phenotype tested. The percentage of variance in conduct
disorder outcomes accounted for by the HTR1B polymorphism was small but comparable to
that seen in other single gene association studies, accounting for ≈2% of the variance. In this
regard, we have not fully categorized the potential behavior effects manifested by A-element
homozygotes. Indeed the absolute role of the HTR1B gene in behavior has been difficult to
ascertain, and research on HTR1B has yielded conflicting results in terms of its
pharmacology and genetics. Genetic studies have shown an association between variation in
the HTR1B gene and a number of phenotypes including ADHD(28-30), obsessive
compulsive disorder (31) antisocial alcoholism(32), substance dependence and major
depression(33). However many of the association findings have been inconsistent(34-36),
and this may be due to an incomplete awareness of the extent of functional variation within
the HTR1B gene. Another difficulty in determining the contribution of the HTR1B gene to
behavior is the lack of an appropriate behavioral measure. For example it is possible that A-
element homozygotes might score more highly in paradigms designed to test aggression-
related behaviors more directly (e.g., through more sensitive self-reports or through
observational paradigms). Additional evidence from the sample of college students studied
here supports this assertion (Conner, Jensen, Tennen, Covault, Furneaux, & Kranzler, under
review). In that report we provide evidence of an association between the HTR1B A/G
polymorphism and daily self-reports of angry and hostile mood obtained across a four-year
longitudinal assessment. Interestingly, patterns were strongest among the young men and not
observed in women (see Conner et al. for possible explanations). Although these additional
findings paint a more complex phenotypic picture, together, they support a link between the
microRNA binding site polymorphism and aggression related phenotypes that is consistent
with the animal literature. It should be noted that this is the same population studied by
Covault et al. (18), for an unrelated hypothesis, and that the self-reported ethnicity was
found to be consistent with the genotype of an ancestry informative marker described by
Lautenberger et al (37). Although we believe that this population is homogeneous, it should
be acknowledged that it is possible that our results are confounded by population
stratification, which could contribute to type 1 error.
With respect to the link between this SNP and aggression, it is important to note that the
aggressive phenotype exerted by the A-element will depend upon the expression and activity
of miR-96. It is known that miR-96 is expressed in brain (38, 39), but as is the case with
virtually all microRNAs, the factors that regulate its expression and activity are not known.
It will be interesting to see if factors (for example, steroids) that influence aggressive
behavior may do so by modulating the level or activity of miR-96. In any event, our
observations suggest the possibility that aggressive behavior might be modifiable by
administration of inhibitors of miR-96.
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We are intrigued that the ancestral A-element is less common among Yorubans, the model
ancestral population (40) compared with Caucasian or Asian populations. These contrasting
patterns suggest that this regulatory element has been subjected to unknown but profound
selective pressures. Although it is possible that the divergent frequencies of this element are
a result of a neutral process such as genetic drift, perhaps it evolved quickly in response to
environments in which hostile behavior is disadvantageous. In light of this, it will be
interesting if a study of closely-related African populations reveals the nature of the
responsible evolutionary force, as has occurred in the case of lactose intolerance (41).
Our initial screen, albeit on a sample of only 22 genes, suggests that modulation of
microRNA regulation by common variants in mRNA sequences may be widespread in the
human genome. Indeed, more comprehensive sequencing of individual humans and deep
sequence cloning of new microRNAs are likely to substantially increase our catalog of such
functional variants. In addition, with the discovery of new small RNA classes with purported
roles in DNA methylation and transcriptional silencing, a similar strategy may readily
identify new functional variants in the 5′ untranslated region and segments of genes that are
proximal to the promoter region (42). In sum, we hope the current studies prompt an
enthusiastic search for new classes of functional polymorphisms that reside in RNA
regulatory elements and an informed evaluation of their contribution to the human
phenotype. Of specific interest in the present report is the apparent role of miR-96 in
regulating aggressive behaviors among young adults. Given the important clinical
significance of such behaviors (43), a clearer understanding of their etiologies and the
potential for intervening to prevent such behaviors have important clinical implications.
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Figure 1. Polymorphisms frequently occur in the putative microRNA response elements in
behavioral genes
A. In our survey of 22 behavioral genes, we found that the majority have a predicted
microRNA binding site in their mRNAs. Among these genes, 11 had a polymorphism that
occurred in the microRNA binding element. B. The polymorphisms in predicted microRNA
binding elements cluster at the 3′ end of the putative response element. The asterisk
represents the position of the polymorphism in the putative microRNA:mRNA duplex; a
total of 15 polymorphisms that potentially affect microRNA binding sites are represented.
One microRNA binding site has two polymorphisms, and one polymorphism occurs in the
predicted binding site of two microRNAs.
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Figure 2. Polymorphisms can attenuate the repressive effect of the microRNA response elements
The position of the polymorphism in the putative element within the serotonin transporter
mRNA (A), cannabinoid receptor 1 mRNA (B), and the serotonin receptor 1B mRNA (C)
are marked by an asterisk (*). The putative elements were subcloned into the 3′UTR of the
pIS-0 luciferase reporter plasmid. The parental (P), variant, and reference plasmids were
transfected into HeLa cells and assayed for luciferase activity. Luciferase expression was
normalized for transfection efficiency by co-transfecting a renilla luciferase plasmid (panels
A and C) or a beta galactosidase plasmid (panel B). The reference (U) and variant (G)
element from the serotonin transporter mRNA both repress luciferase expression to a
similiar extent. The reference element (G) from the cannabinoid receptor 1 strongly
repressed expression and this repression was moderately attenuated by the polymorphism
(U). The reference element (A) from the serotonin receptor 1B mRNA strongly repressed
expression and was completely attenuated by the polymorphism (G). Error bars represent the
standard deviation of two measurements of luciferase activity. The average luciferase
expression of all elements (except the HTR1B G-element) was significantly different than
the parental plasmid (p<0.001). The difference in luciferase expression between the
polymorphic elements was significant only for the HTR1B A versus G element (p=0.001).
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Figure 3. The A-element in the serotonin receptor 1B mRNA is repressed by miR-96
A. The region surrounding the HTR1B A/G SNP is highly conserved in several mammalian
species, and in all (except humans) it encodes the A-variant. The segment of miR-96 that is
predicted to anneal to the A-element is shown by the gray bar. B. The predicted annealing of
the wild-type (miR-96) and the compensatory mutant (miR-96[C]) microRNAs to the A-
and G-elements. C. HeLa cells were transfected with the indicated reporter plasmids and
microRNAs. Introduction of exogenous miR-96 increases the repressive activity of the A-
element but has little effect on the G-element. D. Introduction of the compensatory mutant
(miR-96[C]) has no effect on the A-element but significantly increases the repressive
activity of the G-element. Error bars represent the standard deviation of two measurements
of luciferase activity. The asterisk (*) represents p<0.01 for panel C and p<0.05 for panel D,
for the change in luciferase activity of either the A-element or G-element plasmid after the
addition of microRNA.
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Figure 4. HTR1B genotype differences with conduct-disorder behavior were observed for men
and women
The mean number of conduct disorder items (with 95% CI) endorsed by men and women
was higher for AA individuals, as compared to G carrier individuals.
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Table 1
The frequency of the polymorphism in the serotonin receptor 1B microRNA target element is remarkably
divergent in HapMap populations.
HapMap Population G A % G Homozygous
Han Chinese in Beijing, China(CHB) 0.22 0.78 0 (0/45)
CEPH (Utah residents with ancestry from northern and western Europe)(CEU) 0.16 0.84 2 (1/60)
Japanese in Tokyo, Japan(JPT) 0.26 0.74 7 (3/45)
Yoruba in Ibadan, Nigeria(YRI) 0.57 0.43 33 (20/59)
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Table 2
A-element homozygote subjects endorsed more conduct-disorder items.
Conduct Disorder Items
AA
(n = 231)
G Carriers
(n = 128) t P
 M (SD) 1.17 (1.38) .81 (1.16) 2.61 0.005
 Min - Max 0 - 6 0 - 5
N (%) N (%) X2 P
Started Fires 39 (16.9%) 10 (7.8%) 5.75 0.008
Damaged Property 79 (34.2%) 31 (24.2%) 3.86 0.025
Stealing 29 (12.6%) 9 (7.0%) 2.70 0.051
Started Fights 54 (23.4%) 21 (16.4%) 2.32 0.064
School Expulsion 2 (0.9%) 0 (0.0%) 1.11 0.146
Cruelty to Animals 28 (12.1%) 11 (8.6%) 1.06 0.152
Breaking and Entering 16 (6.9%) 7 (5.5%) 0.30 0.291
Lying Frequently 20 (8.7%) 13 (10.2%) 0.24 0.311
Took Property by Force 3 (1.3%) 2 (1.6%) 0.04 0.421
Note. M (SD) Min - Max = mean, standard deviation, and minimum/maximum number of total items endorsed. N (%) = number and percentage of
individuals in each genotype group endorsing that conduct disorder item; t = t-test coefficient (computed with unequal variances) comparing mean
differences in the number of items endorsed between AA and G element carriers; X2 = Chi-Square coefficient comparing differences in
percentages between AA and G element carriers (AG, GG); p = chance probability value based on one-sided test.
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